The biochemical response of the microorganisms Lipomyces starkeyi (Lod & Rij), Escherichia coli K-12 W3110, BaciUus subtilis 168 (Marburg) and Pseudomonas sp. strain TTO1 to the presence of growth-inhibitory concentrations of paraquat was studied. Paraquat was added to each culture at a concentration previously determined to reduce the culture growth rate by up to 50%. The changes in activity of a number of enzymes previously shown to be associated with the defense of the mammalian system against the action of paraquat were studied. While the response of E. coli was in agreement with that found in other studies of this microorganism and supports a commonly accepted mechanism for paraquat toxicity, the results obtained with L. starkeyi, B. subtilis, and Pseudomonas sp. strain TTO1 suggest that other mechanisms exist for protection against the toxicity of paraquat.
The toxicology of paraquat (1,1-dimethyl-4,4'-dipyridylium dichloride) in different biological systems has been reviewed by several authors (26, 30, 35, 39) . Paraquat toxicity in mammalian systems is characterized primarily by lung damage, the herbicide being responsible for the destruction of both type I and type II alveolar epithelial cells, leading to loss of function of the lung as a blood-air exchange barrier (20, 40) .
Paraquat toxicity is though to be mediated by the superoxide anion O2-, a reactive species generated by the reoxidation of reduced paraquat by molecular oxygen (5) . Paraquat has been shown to be capable of being reduced by a wide range of biological systems. The production of 02 anions has been associated with the subsequent generation (nonenzymatic) of H202 and other toxic free radical oxygen species (OH-) 'AgO2 which lead to lipid peroxidation in lung tissue (2, 5) . Because O2 anions are the most long-lived of 02-derived free radicals, they have been said to pose the greatest threat to aerobic microorganisms (32) , but it has been suggested that much of the biological damage attributed to O2 is caused by OH-and singlet oxygen (12) . The interrelationships between molecular oxygen, O2-, and other free radical oxygen species are, however, very complex and poorly understood (24, 32) . The data from studies on the role of the different oxygen species in paraquat toxicity and lipid peroxidation are incomplete and conflicting. Most of the studies supporting a common mode of paraquat toxicity have been done in mammalian systems and a few procaryotic systems, notably Escherichia coli (14) (15) (16) (17) 19) . Other studies, however, have contraindicated a role for O2 anions in lipid peroxidationmediated paraquat toxicity in both mammalian (22, 25, 37) and bacterial (9, 38) systems.
A number of enzymes are though to be of importance in minimizing the deleterious effects of paraquat intoxication. The mechanism for the in vivo toxicity of paraquat proposed by Bus et al. (6) (4) Cell extract preparation. Samples of culture (30 ml) were cooled immediately to 4°C, and the cells were harvested by centrifugation (12,500 x g for 20 min). The cells were washed twice in ice-cold 0.9% (wt/vol) saline and suspended in nitrogen-gassed oxygen-free buffer (50 mM potassium phosphate buffer, pH 7.5, containing 0.1 mM phenylmethylsulfonyl fluoride, 0.5 mM EDTA [disodium salt], and 10% [vol/vol] glycerol). Suspension of procaryotic cells were incubated with lysozyme (Sigma Chemical Co. Ltd.) at a final concentration of 1 mg/ml for 1 h at 4°C, followed by 30 min at 30°C. Eucaryotes were incubated in the presence of 1 mg/ml of 3-(1-3)-glucanase (21) for 1 h at 4°C, followed by 1 h at 30°C. Following lytic enzyme treatment the cells were mechanically disrupted by liquid shear homogenization (Stanstead Fluid Power Ltd., Stanstead, Essex) at a pressure of 1,100 to 1,275 kg/cm2 to ensure maximal cell breakage. The cell homogenates were maintained at 4°C, and cell debris was removed by centrifugation (40,000 x g for 20 min at 40C).
Enzyme and other assays. The enzymes assayed and methods used are listed in Table 1 . Protein was assayed by the method of Lowry et al. (28) . Paraquat was assayed by the method of Calderbank and Yuen (7).
RESULTS AND DISCUSSION
The microorganisms used, the media on which they were cultured, and the concentrations of paraquat added that had been calculated from preliminary data to reduce the growth rate of each strain by up to 50% are shown in Table 2 . These concentrations were determined by adding a range of concentrations of herbicide to a series of cultures of each microorganism. Microbial strains isolated on the basis of their paraquat tolerance showed little inhibition of growth rate even at high (0.1 M) concentrations of paraquat. The effects were studied of the addition of such levels of herbicide to actively growing cultures.
Log-phase seed cultures (250 ml) of each strain were used to inoculate 600 ml of fresh medium (corresponding to a 34% inoculum) and incubated in 1-liter fermenter vessels (LKBBiotech FE 007) at 30°C (37°C for E. coli) for up to 10 h. Samples (20 ml) were taken at regular intervals. After 2 to 4 h, at a stage in the culture, when there were enough cells to give a reasonable cell concentration, sterile paraquat was Figures 1 through 4 show the changes in culture absorbance at 600 nm effected by the addition of paraquat. The samples taken were harvested, disrupted, and assayed for a number of enzyme activities as described in Materials and Methods. The figures also show the changes in specific activity of a number of enzymes following the addition of paraquat to cultures of the different microorganisms studied. The specific activities of these enzymes in paraquat-free control organisms remained stable over the sampling period and reflected the stability of endogenous enzyme levels prior to the addition of paraquat in paraquat-treated cultures.
When paraquat was added to cell extracts of organisms grown in the absence of paraquat to the same concentrations found in cell extracts of organisms grown with paraquat, no significant effect on the level or specific activity of the enzymes assayed was found.
When paraquat was added to E. coli or L. starkeyi cultures, the response of the culture was independent of the phase of growth (early, mid, or late) unless paraquat was added well into stationary phase, when the optical den §ity of the culture had started to fall due to cell lysis.
SOD is induced by paraquat in E. coli. It was proposed that the increase in cyanide-insensitive respiration observed in paraquat-treated E. coli cells was caused by the subversion of a portion of the electron flow from CN--sensitive to CN--insensitive respiration and to 02 (17), thereby increasing the production of O2-, which is then responsible for the induction of SOD. Catalase is only moderately induced in E. coli K-12 by paraquat (14, 17, 18) . The addition of paraquat to an aerobic culture of E. coli K-12 ( Fig. 1) (16) , who showed that 0.5 mM paraquat induced SOD in E. coli B from 10 to 40 U/mg in 30 min. Similarly, the increase in catalase activity shown in Fig. 1 approximates that found by Hassan and Fridovich (16) , i.e., 1.5-fold. These workers did not determine changes in activity of other enzyme systems, however. Paraquat enhances the activity of NADPH-cytochrome c reductase in rat liver mitochondrial preparations (10). Furthermore, Bus et al. (5) have shown that the addition of antibody to NADPH-cytochrome c reductase inhibited the reduction of paraquat in lung. Paraquat caused an induction of NADPHcytochrome c reductase in E. coli (Fig. 1) . SOD and catalase induction may be a consequence of this increased rate of cyclic reduction and oxidation of paraquat. The twofold induction of malate dehydrogenase upon the addition of paraquat (Fig. 1) (11, 13, 15) . Thus, the inability of B. subtilis to increase levels of SOD in response to paraquat (Fig. 2) to 02-may explain the relative sensitivity of this microorganism to paraquat. That paraquat induced catalase in this microorganism (Fig. 2) , as does hO2 (12), yet remained toxic at low levels indicates that catalase does not confer a high degree of protection against the deleterious effects of paraquat. With the exception of catalase, the lack of response of any of the enzymatic systems studied (Table 1) suggests that paraquat toxicity, in the case of this microorganism, is mediated by the inhibition or destruction of some undetermined cellular function.
When paraquat was added to cultures of the paraquattolerant procaryotic soil isolate Pseudomonas sp. strain TTO1, it failed to induce the enzymes, SOD and catalase, associated with defense against paraquat in other organisms (Fig. 3) . NADPH-cytochrome c reductase and malate dehydrogenase (MDH) activities were, however, stimulated by paraquat. If an increase in the activity of these enzymes were associated with an increased rate of cyclic reduction and oxidation of paraquat, as was suggested above, SOD and catalase activity would be expected to increase in response to higher levels of O2 and other oxygen radicals. In this microorganism these events did not appear to be related (Fig. 3) . The reduced supply of cofactors in the cells has been shown, in other studies in rat lung, to be severely depleted after the addition of paraquat (37) . This depletion has been suggested as being so severe as to play a greater role in the demise of the cell than the production of O2 and other oxygen radicals (36) . The determined from the data obtained but would appear not to depend on the removal of oxygen radicals by SOD or catalase.
L. starkeyi is not particularly resistant to high concentrations of paraquat, but all available data to date suggest that it is apparently unique in its ability to rapidly and fully degrade the herbicide (1, 8) . The addition of inhibitory concentrations of paraquat to a culture of L. starkeyi resulted in the immediate and profound induction of SOD in the cell (Fig. 4) . Concomitant with this pronounced induction was a more moderate increase in NADPH-cytochrome c reductase and MDH and a transient induction of catalase. The induction of SOD and catalase were temporary events. The transient nature of the induction or inhibition of these enzymes (Fig. 4) The results show that enzymes normally associated with the defense of mammalian systems against paraquat toxicity were not induced by paraquat in a number of the microorganisms studied. It is therefore possible that the generally accepted mechanism for paraquat toxicity is not common to all microorganisms and that in several cases inhibition of growth by paraquat is caused by the reaction of the herbicide with unidentified cellular moieties or biochemical processes.
